Introduction
Visual discrimination learning requires perceptual learning and memory processing [1, 2] , while reversal learning assesses behavioral flexibility of learning [3, 4] . Abnormalities in visual discrimination learning have been shown in patients with depression, autism, and Alzheimer's disease, while impairments of reversal learning have been shown in patients with schizophrenia and Alzheimer's disease [5] [6] [7] [8] [9] . The corticostriatothalamic circuitry connecting the prefrontal cortex, striatum, and thalamus is important for learning behaviors in humans, nonhuman primates, and rodents [10] [11] [12] . Dopamine transmission is a major modulator of this circuit [11, 13, 14] .
Dopamine receptors are classified into two subfamilies, namely D1-like (D1 and D5) and D2-like (D2, D3, and D4) [15] . D2 receptors (D2Rs) have two alternative splicing variants: long-form (D2L) receptors and shortform (D2S) receptors. D2L receptors may act predominantly at postsynaptic sites, whereas D2S receptors may act predominantly at presynaptic sites [16] [17] [18] . Changes in expression levels of each isoform have been reported for the dorsolateral prefrontal cortex and hippocampus in schizophrenia and affective disorders [19] . Mice lacking presynaptic D2 autoreceptors display hyperlocomotion and enhanced motivation [20] . In contrast, locomotor activity and the reinforcing properties of food rewards are reduced in D2R-deficient mice lacking both the D2L and the D2S isoform [21] [22] [23] . Similarly, D2L receptordeficient mice also show hypolocomotion and reduced motivation [24] [25] [26] . These findings demonstrate that presynaptic D2S and postsynaptic D2L receptors play distinct roles in motor and motivational functions. However, it is still unclear whether D2L and D2S receptors play individual roles in controlling visual discrimination and reversal learning.
In recent years, the development of touchscreen operant chambers has allowed researchers to assess high brain functions in humans, nonhuman primates, and rodents with a high degree of automation and standardization [27] [28] [29] . Many translatable tests, such as visual discrimination (VD) and reversal learning (VDR) tasks, using touchscreen operant systems have been developed [30] . Visual discrimination and reversal learning, measured using touchscreen operant systems, have been reported in disease model mice [31] [32] [33] [34] [35] . GluA1 mutant mice, used as a model of schizophrenia, show impairments of reversal learning [33] , while 16p11.2 mutant mice, used as a model of autism, show impairments of visual discrimination learning [35] .
Here we used a gene knockout mouse model to investigate the role of D2L receptors in the performance of touchscreen tasks. We showed that D2L receptor-deficient mice (D2L-KO mice) [24] exhibited impairments in both VD and VDR tasks. D2L-KO mice were also significantly delayed in collecting the reward in the VD task. These findings suggest an important role for D2L receptors in the modulation of visual discrimination learning.
Materials and Methods

Animals
Heterozygous D2L-Het mice [24] were backcrossed to a C57BL/6J genetic background for more than 10 generations; homozygous D2L-KO, heterozygous D2L-Het, and wild-type (WT) littermate mice were generated by mating heterozygous D2L-Het mice. The mice were group housed on a 12-hour light/dark cycle, and all experiments were conducted during the light phase of the cycle. All experiments used 15-week-old male mice. All animal handling procedures were approved by the animal research committees of Kyoto University Graduate School of Medicine.
VD Tasks in the Touchscreen Operant System
Apparatus Training and testing were conducted in touchscreen operant chambers (Campden Instruments Ltd., Loughborough, UK) ( fig. 1 a) . The front wall of the chamber consisted of an infrared touchscreen. A black mask with two windows was positioned in front of the touchscreen. The rear wall consisted of a centrally mounted liquid dipper and reward tray, which provided access to 10% condensed milk (Morinaga Milk Industry Co. Ltd., Tokyo, Japan) as a reward, and a tray light located above the reward tray. A house light was mounted above the chamber. The operant conditioning chamber was controlled using ABET II (Lafayette Instrument Co., Lafayette, Ind., USA) and Whisker (Cambridge University Technical Services Ltd., Cambridge, UK) software.
Pretraining and Operant Conditioning Task Behavioral protocols and schedules were based on established protocols [30] . Following commencement of testing, the mice were restricted to 4 h of drinking water per day. They were required to successfully fulfill a set criterion for each task before advancing to the next task. First, the mice were habituated to the apparatus by being placed in the chamber for 40 min on 2 consecutive days and exposed to 150 μl of condensed milk in the reward tray.
In the first pretraining schedule, during each trial, visual stimuli were displayed randomly as conditioned stimuli (CS) on one side of the screen, while the other side of the screen was left blank. Various shapes were used for the CS. One stimulus was presented at a time. After a delay (30 s), regardless of any murine responses, the stimulus was removed and 20 μl of condensed milk was delivered as a reward. Reward delivery was accompanied by illumination of the tray light and a tone (3 kHz). When the mouse entered the reward tray to collect a reward, the tray light was switched off and an intertrial interval (ITI) was initiated. After the ITI period (20 s), the tray light was again illuminated. Subsequently, the next trial was initiated by an entry into the reward tray. The session ended following the completion of 30 trials, or after 60 min, whichever came first. The mice progressed to the next training stage following the completion of 30 trials in 60 min.
In the second pretraining schedule, stimuli were again displayed randomly on one side of the screen during a trial. The mice had to touch the stimulus to elicit the tone and reward response. If the mice touched the blank screen, no reward was given. Reward delivery was accompanied by illumination of the tray light and the tone. When the mice entered the reward tray to collect a reward, the tray light was switched off and the ITI was initiated. After the ITI, the tray light was again illuminated. A new trial was initiated by an entry into the food tray. As before, the session ended following the completion of 30 trials, or after 60 min, and the mice progressed to the next stage if they successfully completed 30 trials in 60 min.
The operant conditioning task was conducted similarly to the pretraining schedules described above, except that if a mouse touched the side of the screen opposite the stimulus (blank side) in a trial, the house light was illuminated for a time-out period (5 s) and no reward was given ( fig. 1 b) . The session ended following the completion of 30 trials, or after 60 min, whichever came first. The criterion was set at 23/30 (76.7%) correct trials in 60 min. Regardless of whether this criterion was reached, at least 4 operant conditioning sessions were performed.
VD and VDR Tasks
In the VD task, a pair of novel visual discriminative stimuli (CS1 and CS2) appeared on the screen during each trial; CS1 as a correct stimulus and CS2 as an incorrect stimulus ( fig. 1 b) . A nose poke to the correct stimulus resulted in the tone, tray light, and reward (20 μl of condensed milk); a nose poke to the incorrect stimulus resulted in illumination of the house light, no reward, and a time-out, followed by a correction trial. Correction trials were repeated until the correct stimulus was chosen. The left-right arrangement of the stimuli was determined pseudorandomly, with a constraint that a given stimulus could not appear on the same side of the screen for more than 3 consecutive trials. When the mouse entered the reward tray to collect a reward, the tray light was switched off and the ITI was initiated. After the ITI, the tray light was again illuminated. The next trial was initiated by an entry into the reward tray. The session ended following the completion of 30 trials, or after 60 min, whichever came first. The criterion was set at 24/30 (80%, excluding correction trials) correct trials in 60 min. Regardless of whether this criterion was reached, at least 5 VD task sessions were performed.
The day after having reached the criterion, the mice were moved on to the VDR task, which followed the same setup as the VD task, except that the designation of the correct versus incorrect stimuli was reversed ( fig. 1 b) . During the VDR task, access to drinking water was further restricted from 4 h per day to 2 h per day to counteract a decrease in motivation likely due to the increased difficulty of the task. The criterion was again set at 80% (excluding correction trials) correct in 60 min. Regardless of whether this criterion was reached, at least 10 VDR task sessions were performed. After 10 sessions in the VDR tasks, 1 of the WT and 1 of the KO mice were lost to accidental death before they reached the criterion; thus these data are missing in figure 3c (see also online suppl. fig. 1c ; for all online suppl. material, see www.karger.com/doi/10.1159/000447970).
Statistical and Data Analysis
All statistical analyses were performed using GraphPad Prism 6.0 (GraphPad Software, La Jolla, Calif., USA) and SPSS 22.0 (IBM Corporation, Armonk, N.Y., USA) software.
Differences in the number of sessions to reach the criterion between genotypes were evaluated using one-way ANOVA or Kruskal-Wallis tests after checking the homogeneity of variance assumption by Bartlett's test [36] . Subsequent post hoc comparisons of genotypic groups were conducted with Bonferroni correction, multiplying pairwise t test p values by the number of tests, or Dunn's correction. Statistical significance was set at p < 0.05.
Differences in the percent of correct responses, correct response latency, and reward collection latency between genotypes were evaluated using two-way, one-repeated-measure ANOVA. Greenhouse-Geisser-corrected degrees of freedom and p values were used [37] whenever Mauchly's test of sphericity was significant [38] . Subsequent post hoc comparisons for the main effect of genotype were conducted with Bonferroni correction. When examining the simple main effect of genotype in each session, the significance level was set at p < 0.05 divided by the number of sessions in order to correct for multiple testing across sessions.
Results
To investigate the role of D2L receptors in learning, we examined the reward-based learning ability of D2L-KO, D2L-Het, and WT mice in VD and VDR tasks using the touchscreen operant systems. After the habituation and pretrainings, the mice performed the operant conditioning task, the VD task, and the VDR task in sequence. In the operant conditioning task, the mice could obtain a reward when they touched a visual stimulus ( fig. 1 b) . WT, D2L-Het, and D2L-KO mice did not differ significantly in their ability to learn the rule following repeated training ( fig. 2 a) . After the mice reached the criterion, they moved on to the VD task ( fig. 1 b) . In this task, the mice could obtain a reward when they touched a correct stimulus from a pair of discriminative stimuli. D2L-KO mice showed fewer correct choices than WT mice in the first 5 sessions of the VD task ( fig. 2 b) . After the mice reached the criterion of 80% correct choices in the VD task, they moved to the VDR task, where the designation of the same discriminative stimuli as correct versus incorrect was reversed ( fig. 1 b) . In the VDR task, WT and D2L-Het mice showed a comparable ability to learn the reversal, and they reached the criterion of 80% correct choices by session 7. D2L-KO mice, however, were impaired in reversal learning and failed to reach the criterion by session 10 ( fig. 2 c) . The acquisition curves of the individual mice are shown in online supplementary figure 1. When two-way, one-repeated-measure ANOVAs were performed for figure 2 , the homogeneity of variance was checked with Mauchly's test of sphericity (online suppl. table 1). There were no significant differences in Mauchly's test of sphericity values in figure 2 a and b ; thus we evaluated p values without corrections by degrees of freedom. On the other hand, there was a significant difference in Mauchly's test of sphericity values in figure 2 c, which is why the p values were corrected by the Greenhouse-Geisser method (ε = 0.490). Post hoc Bonferroni corrections were performed in figure 2 . In the VD and VDR tasks, we also performed correction trials to counteract side and stimulus biases, and to ensure that the mice received a consistent number a , b WT mice: n = 9; D2L-Het mice: n = 7; D2L-KO mice: n = 10. c WT mice: n = 8; D2L-Het mice: n = 7; D2L-KO mice: n = 9. Significance was evaluated by post hoc Dunn's corrections ( a , b ; n.s., * p < 0.05) and Bonferroni corrections ( c ; * * p < 0.01, * * * p < 0.001). 
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of rewards per session despite their performance on noncorrection trials. Regarding the number of correction trials, there were significant effects of genotypes in the VD task (online suppl. fig. 2a ) and the interaction between sessions and genotypes in the VDR task (online suppl. fig. 2b ). These results correlate with the percent correct responses of D2L-KO mice in the VD ( fig. 2 b) and the VDR task ( fig. 2 c) . Taken together, these results reveal impairments of discrimination learning in D2L-KO mice in both the VD and the VDR task. To assess learning ability and flexibility in the VD and VDR tasks, we next measured the number of sessions to reach the criterion in each task. To determine significance between genotypes, we used Bartlett's test to check the homogeneity of variance. There were significant differences in Bartlett's test values in figure 3 a  and b ( fig. 3 a, p = 0.0072; fig. 3 b, p = 0.015); thus we performed a Kruskal-Wallis test and post hoc Dunn's correction. On the other hand, there was no significant difference in Bartlett's test values in figure 3 c (p = 0.0855), which is why we performed one-way ANOVA and post hoc Bonferroni correction. There were no significant differences between genotypes in the time taken to reach the criterion in the operant conditioning task ( fig. 3 a, p = 0.341), although some D2L-KO mice required more sessions than did WT and D2L-Het mice. D2L-KO mice required more sessions to reach the criteria in the VD ( fig. 3 b, p = 0.013) and VDR ( fig. 3 c, F 2, 21 = 11.07, p < 0.001) tasks.
Previously, D2L-KO mice have been shown to display behavioral changes in locomotion [24, 25] , emotion [39, 40] , motivation [26, 41] , and avoidance [25, 42, 43] . These behavioral changes may influence visual discrimination and reversal learning ability. To address this possibility, we assessed the latency to respond to the correct stimulus and to collect a reward. When two-way, one-repeated-measure ANOVAs were performed on figures 4 and 5 , the homogeneity of variance was checked with Mauchly's test of sphericity (online suppl. table 1). There were significant differences in Mauchly's test of sphericity values for figures 4 and 5 ; thus the p values were corrected using the Greenhouse-Geisser method ( fig. 4 a, ε = 0.673; fig. 4 b, ε = 0.553; fig. 4 ( fig. 4 ) , indicating that D2L-KO mice displayed normal response speeds to the correct stimulus. However, D2L-KO mice were significantly slower than WT mice in collecting the reward in the VD task ( fig. 5 b) , indicating that D2L-KO mice may have reduced motivation or reward sensitivity. There were no significant differences between genotypes in the VDR task ( fig. 5 c) , indicating that the low percentage of correct responses and the higher number of sessions to reach the criterion seen in D2L-KO mice reflects a low discriminative ability but not altered motivation.
Discussion
In this study, D2L-KO mice were impaired in visual discrimination and reversal learning in the VD and VDR tasks. The deficit in reversal learning might be due to the low flexibility of learning in D2L-KO mice. Alternatively, the behavioral deficits seen in the VD and VDR tasks might be due to defective learning of a new CS-reward association during the VD and VDR tasks. D2L-KO mice also needed more prolonged training with frequent errors initially, suggesting that this might be a reason for the slower acquisition in the VD and VDR tasks. The current finding is similar to previous reports of reversal learning impairments in patients with schizophrenia [7, 9] and their mouse models [33] ; however, the impairments were more pronounced in our study. D2L receptors are expressed within the prefrontal cortex, striatum, and substantia nigra of the corticostriatothalamic circuit [16, [44] [45] [46] [47] . In the prefrontal cortex, D2Rs are primarily located in the pyramidal cells, and they control not only motor activity but also memory formation, attention, flexible behavior, and risk-based decision-making [48] [49] [50] [51] . Thus, D2L receptors in the prefrontal cortex may be important for visual discrimination.
In the striatum, D2L receptors postsynaptically influence neural activity and plasticity in a specific population of projection neurons [14, 52, 53] . D2R-expressing neurons in the ventral striatum have critical roles in aversive learning and learning flexibility [43, 54, 55] . D2R-expressing neurons in the dorsolateral striatum play an essential role in the regulation of the correct response accuracy of conditional audio discrimination [56] . Dopamine may influence learning and its flexibility via striatal D2L receptors.
In addition, D2L receptors may function as autoreceptors in the substantia nigra pars compacta [47] . Future studies employing region-specific manipulations of D2L receptors will likely provide further elucidation of the role of D2L and D2S receptors in visual discrimination and reversal learning.
In conclusion, these results demonstrate a crucial role for D2L receptors in visual discrimination learning, and provide new insights into the molecular and circuit mechanisms underlying symptoms of neuropsychiatric disorders.
